The microdispersion of carbon black filler in linear and hyperbranched polyisobutylene (PIB) was assessed from dynamic mechanical and volume resistivity measurements. While no significant differences were observed in the carbon black concentration necessary for formation of a filler network, in comparison to the linear polymer, the highly branched PIB was found to have substantially more carbon black agglomeration. This occurs despite its higher viscosity, due to the relative inaccessibility of large portions of the molecule, as a result of the profuse treelike branching. The consequence is more extensive interaggregate interaction, and thus a larger Payne effect and greater mechanical hysteresis.
INTRODUCTION
Branching is an attractive route to improving the processibility and physical properties of rubbers, since implementation may only require modification of existing synthetic methods. It is well known that even a single, long (i.e., well-entangled) branch per molecule can effect substantial changes in the melt rheology. [1] [2] [3] [4] [5] [6] Long chain branching alters both the shear-rate dependence [7] [8] [9] [10] and the strain dependence [11] [12] [13] of the rheological response, as well as enhancing strainhardening in extensional flow. [14] [15] [16] [17] On the other hand, a multiplicity of short branches can yield high molecular weight polymers having very low melt viscosities, 18, 19 albeit at the expense of some cured properties. 20 Polyisobutylene (PIB) is one of the more interesting rubbers. The properties of the linear polymer have been studied by many techniques, including mechanical spectroscopy, [21] [22] [23] [24] light scattering, 25 optical birefringence, 26, 27 neutron scattering, 28, 29 dielectric spectroscopy 29 and computer simulation. 30, 31 A few studies of star-branched PIB have appeared, 32, 33 while our recent interest has been the viscoelastic response of hyperbranched polyisobutylene. [34] [35] [36] Produced by carbocationic polymerization, these materials have a random, tree-like structure, 37 lacking the self-similarity of dendrimers. Unlike common dendrimers and other hyperbranched polymers, the PIB have high molecular weight, entangled branches, although viscosity enhancement requires molecular weights well beyond the critical molecular weight for linear PIB (M c = 15,200 daltons 38 ) . Surprisingly, the viscosity of hyperbranched PIB is governed primarily by the number of branches, rather than their length, which is opposite from results for polymer stars. 6 On the other hand, when compared at equal zero shear viscosity, the non-linear viscoelastic properties of linear and hyperbranched PIB are quite similar, except at very high shear rates. 35 Utilization of rubber often relies on incorporation of reinforcing fillers, to improve processibility, as well as the physical properties of the cured elastomer. 39 We previously noted 35 that when reinforced with carbon black, the dynamic modulus of hyperbranched PIB at low strain was large in comparison to linear PIB. A manifestation of the Payne effect, 40 such behavior is consistent with more agglomeration of the filler in the former, suggesting that the core regions of highly branched molecules may be less accessible to the filler particles. Less interaction with polymer chains would promote interaction among the filler aggregates themselves. In this work, we test this hypothesis by comparing the low strain dynamic mechanical behavior and the electrical properties of linear and hyperbranched PIB. We do this as a function of carbon black content in the two polymers, to assess both the percolation point and the properties beyond the percolation threshold. The results reveal how the branching architecture can influence the dispersion of carbon black in the rubber.
EXPERIMENTAL
Hyperbranched PIB was synthesized by copolymerizing isobutylene with 4-(2-methoxyisopropyl)styrene, an "inimer" combining monomer and initiator functions. The structure is depicted in Figure 1 . The hyperbranched sample had a weight average molecular weight, M w = 790,000 daltons, with a polydispersity of 1.3. There were 44 branches per molecule (number-average), with M w for the branches equal to 17,900 D. The linear PIB (Aldrich 9003-27-4) had a M w = 389,000 D, and a polydispersity of 2.5. Linear viscoelastic properties of neat polymers with very similar architectures were reported elsewhere. 34 The zero-shear viscosity of the gums (i.e., unfilled rubbers) at 25C is 1.3×10 8 and 1.8×10 9 Pa s, for the linear and hyperbranched samples, respectively. 34 For the present study, 10 to 60 phr of N234 carbon black ("ISAF-HS", a high structure, fine particle black) were solution blended into the rubber. After drying, the compounds were mixed extensively on a two-roll mill -forty passes at increasing speeds up to 16 cm/s, which, for 7.6 cm diameter rolls and a 0.1 mm nip setting, corresponds (assuming no slippage) to a nominal shear rate exceeding 10 4 rad/s. 41 Subsequent to mixing, the carbon black macrodispersion was assessed using a Federal Products Surfanalyzer 2000. This profilometer measures the topography of a cut surface, which is cross-referenced to optical microscopy results. Measurements were obtained on two cut surfaces each for samples of the linear and hyperbranched PIBs with carbon black content of 20, 30, 40, and 60 phr.
Dynamic shear measurements were conducted in torsion at 25 °C using a Rheometrics ARES mechanical spectrometer. Samples were in the form of disks (18.5 mm in diameter and 2.7 ± 0.8 mm thick), with 11 mm diameter holes cut from the center. The latter minimizes the distribution of strain amplitudes when using a parallel plate geometry. The plates were serrated to avoid slippage. Measurements were carried out at a fixed frequency of 10 rad/s, varying the strain from 0.01% to as large as 40% (as governed by the maximum torque of 2000 g-cm). The moduli reported herein were corrected to account for the ring geometry.
For electrical conductivity measurements, similar-sized disks, without center holes, were molded, and the faces coated with conducting silver paint. Volume resistivities were obtained using the alternating polarity method. 42 The current was repeatedly measured (Keithley Instruments 6517A electrometer) after application of DC voltages of alternating polarity. The use of a reversing polarity circumvents problems with residual charges and decaying background currents. A guard ring was in contact with the sample to deplete surface currents.
RESULTS
Mixing of all compounds was carried out in an identical fashion, intended to give uniform distribution and good macrodispersion of the carbon black. The latter was affirmed by carbon black dispersion ratings, equal to 96 ± 2%, with no difference between the two polyisobutylenes. This dispersion number refers to the percentage of aggregate particles smaller than 5 µm. A measure of the fine-scale dispersion of the carbon black can be gleaned from the strain amplitude dependence of the dynamic modulus. Poorer dispersion yields higher modulus for strains insufficient to disrupt the carbon black agglomerates. 40 Figure 2 shows the strain dependence of the dynamic storage, G', and loss, G", moduli for the linear and hyperbranched PIB having 60 phr carbon black. At this loading, there is a well-developed filler network, and thus the modulus is high at low strain. The magnitude of the plateau in G', which extends to infinitely low deformation, [43] [44] [45] reflects amplification of the rubber modulus due to the flocculated carbon black. However, the data in Figure 2 are not directly informative, since the branched PIB has a larger viscosity in the absence of filler. A more accurate measure of the extent of filler network formation is the magnitude of the loss peak, as well as the change in G' with strain, both of which reflect breakup of the filler agglomerates. These are also greater for the branched sample, indicating the presence of a more extensive network of the carbon black. Disruption of the filler network at higher strains (ca. 1%) brings the dynamic response of the two materials closer together. In Figure 3 , the difference between the storage modulus for low (0.01%) and high (10%) strain, ∆G', is plotted as a function of carbon black content. At low filler concentration, (below about 30 phr), the change in storage modulus with strain is essentially the same for the two poly- mers. At higher levels of carbon black, there is a change in the behavior, with the strain-dependence of the modulus increasing markedly. This denotes the onset of a three-dimensional network (percolation) of the aggregates. While no clear difference in the percolation point for the two samples is evident, there is a stronger increase in modulus with strain for the hyperbranched PIB. The difference in ∆G' is largest at 60 phr of the N234 (see Figure 3) . A more agglomerated filler yields greater hysteresis when subjected to strains sufficient to effect de-flocculation. This is because debonding of the filler particles is reversible, with the network reforming during each strain cycle. This process converts mechanical energy to heat; accordingly, the loss modulus, associated with breakup of the network, increases with strain amplitude. The increase is most evident for carbon black concentrations beyond the percolation point. This behavior is seen in Figure 4 , showing the maximum in the loss modulus for each sample. Note that beyond 30 phr of filler, the peak in G" is greater for the hyperbranched PIB, in comparison to its linear counterpart. This result is in accord with the data in Figure 3 .
We also expect that increased agglomeration will affect the electrical conductivity. Displayed in Figure 5 is the volume resistivity measured for all samples. At sufficient filler content, a conductive network is formed. 42, 46, 47 This gives rise to a change in slope of the resistivity versus concentration curve in the vicinity of 30 phr carbon black. This is consistent with the mechanical data in Figures 3 and 4 . Although the precision of the resistivity data is poor (and inherent to such measurements 48 ), differences for the two polymers are evident. The hyperbranched PIB appears to have a higher percolation point, which usually indicates better dispersion. However, the well-formed networks at higher filler concentrations yield lower volume resistivity in the branched PIB. This clearly indicates more interaggregate contacts, consistent with the mechanical data. The crossover behavior in Figure 5 is unusual. The data at very low loading may reflect poorly dispersed, flocculated carbon black in the branched polymer, resulting in high resistivity and a higher percolation threshold. At higher concentrations of filler, the number of electrical connections increases, leading to lower resistivity than for the linear PIB. 
SUMMARY
Both the mechanical and electrical data confirm that carbon black agglomeration is more extensive in the hyperbranched PIB. This implies that poorer dispersion of the filler is attained during mixing of carbon black into the hyperbranched PIB, than is the case for the linear polymer. Note that the latter has a lower viscosity, which means that at equal mixing temperatures, stresses will be smaller for the linear PIB. Smaller mixing stresses lead to the expectation of worse filler dispersion, contrary to the experimental results. (This effect of viscosity on mixing behavior is also seen in star-branched polymers. 49 ) Why is filler dispersion inherently more difficult with the hyperbranched polymer? Figure 1 illustrates the structure of a portion of a hyperbranched molecule. The material used herein had 44 branches per molecule, so that the structure in Figure 1 extends about six-fold further. Clearly, there is an extensive volume of the interior of the molecule that is excluded, by steric constraints, from intimate contact with the carbon black particle. The interaction of the saturated PIB chains with the filler surface is physical adsorption through formation of van der Waals bonds. The strength of a van der Waals bond is strongly distance dependence (~ r -6 ), but a multi-tiered structure may preclude interior chain segments from gaining close proximity to the filler particles. Note that high branching densities are known to reduce intermolecular penetration in star polymers 50, 51 and dendrimers. 53 The large inaccessible volume of the hyperbranched PIB structure leaves more filler surface area available for bonding with other filler particles. The result is formation of a more extensive interaggregate network. Although the consequently poorer mechanical efficiency and greater heat buildup of the elastomer are often undesirable, there are applications, such as conductive rubber, in which this effect of branching on the dispersion process might be exploited. 
